(This article is one ofa series linked with the Festschriftfor Christopher Booth. See Gut Festschrift 1989; 30.) Physiologically, the architecture of the small intestinal mucosa is maintained by a delicate balance between cell production in the crypt compartment, enterocyte migration along the villi, and extrusion of mature epithelial cells from the tip of the villi into the lumen. ' Migration and maturation of the lining cells are affected in response to various types of stress and under conditions of mucosal damage and repair. This is also true for the tissue components beneath the lining cells. On the other hand, although the equilibrium of the lining cells may be disturbed by a great variety of various types of stress, the response of the mucosa is rather uniform and restricted to three distinct mucosal patterns only -namely, hypertrophy, hypotrophy, and mucosal transformation of the hyperregenerative type (Fig. 1) .' In these mucosal patterns alterations of the absorptive cells and the zonation of villi and crypts have been studied extensively. The regulation of cell proliferation and differentiation in this system is, however, still not well understood although the importance of some factors such as luminal nutrition and the ornithine decarboxylase system have been recognised. '4 Furthermore, the role of regulatory peptides has attracted much attention, though with few concrete results, and the implications of the interaction between the lining cells, the mesenchyme, and the gut associated lymphoid tissue with respect to cell proliferation and maturation have only recently gained interest.'
It is the purpose of this contribution to briefly describe the three principal mucosal responses to various types of stress and also to discuss some aspects of the connective tissue, the gut associated lymphoid tissue and the regulatory peptides in the control of intestinal mucosal growth and their perspectives in future research as far as the regulation of mucosal growth is concerned. It is not intended, however, to be complete within the frame given, but rather to focus on areas of our own interest in the subject.
One of the prerequisites of the striking small intestinal mucosal potential to change its structure and function is the fact that each villus possesses numerous crypts with an enormous proliferative potential. The average number of crypts per villus in upper human jejunum amounts to 8&3 per villus.' In man, 23 of 33 cell positions of the lower part of the crypt cell column belong to the proliferative compartment, whereas the upper third represents the maturation area in which the crypt cells obtain their functional competence. 7 The crypt is able to enlarge and to decrease its size in diameter and depth as a consequence of changes in its proliferative capacity.
In this respect, it is of interest that the crypts of Similar changes of the mucosa as in the bypassed intestine do occur in longterm parenteral nutrition" and in the starved animal in which diameter and depth of crypts decrease, as does eventually the number of villi and crypts. Mucosal atrophy may be altered further in a number of conditions such as cytostatic treatment and irradiation, the damage thereby depending on dose, time course, and action of the drug.' 7 
Mucosal transformation
The third mucosal pattern which represents the most striking alteration of the mucosal geometry is .mucosal transformation of the hyper-regenerative type'. It is characterised by hyperproliferation and mucosal growth as is the case in mucosal hypertrophy. It differs, however, from mucosal hypertrophy in that it is characterised by the transformation of the normal zonation with reduced villi and enlarged crypts, the reason why we have chosen this term. '8 In addition, it is associated with damage to the surface cells and the underlying connective tissue. A suitable model to study this form of mucosal response to stress is the self-filling small intestinal blind loop in the experimental animal in which stasis, bacterial overgrowth and increased concentrations of toxic deconjugated bile acids are the stressors to the surface epithelium. In response to these damaging agents increased exfoliation of damaged surface cells occurs which is followed by hyperproliferation of crypt cells in the germinative zone.'7 In longterm lactic acid perfusion studies we have shown that the initial step of this mucosal transformation corresponds largely to mucosal hypertrophy in which there is a proportional enlargement of villi and crypts with increased mitotic activity.'8 As damage continues and cell exfoliation surmounts cell proliferation, mucosal transformation is taking place. The villi become shorter and the crypts become longer. In this process the totally flattened surface with complete loss of villi, maximal elongation of crypts and high numbers of mitotic cells in the germinative compartment represents an endpoint of mucosal transformation.
In contrast with mucosal hypertrophy and hypotrophy, the surface cells in the severely transformed mucosa exhibit clear cut features of damage: they are flattened, the fine structure is severely altered with irregular and sparse microvilli, increased lysosomal bodies and activated endoplasmatic reticulum.
Functionally, there is a reduction of brush border enzyme activities and sodium dependent D-glucose accumulation in brush border vesicles is distinctly decreased." According to kinetic analysis in short term incubation experiments, this decrease is the result of a reduction in the VM,,x indicating that the number of transport proteins in the brush border of absorptive cells in the transformed mucosa is reduced.
Electrical measurements in the experimental blind loop of rat jejunum provided an increased epithelial resistance, which was paralleled on freeze fracture electron microscopy by an increase in total tight junctional depth (more pronounced in cells of the crypt than in the villus), and by an increase in tight junctional strand counts in one of four regions along the villus axis, which showed the most leaky junction, namely in the villus tip.`These changes have been interpreted as an adaptive response to reduce back leakage of already absorbed electrolytes across the tight junction. In biopsies from patients with untreated coeliac sprue, lateral aberrant strands appeared in surface cells, a change which resembles that seen in the experimental blind loop syndrome.?'
In addition, strand discontinuities and a more leaky tight junction (decreased strand counts) were observed in coeliac sprue.`' Both alterations, however, may be attributed to the higher degree of hyperregenerative transformation, as blind loops showed only a small reduction in villus height, while coeliac sprue patients display flat mucosa. In spite of this structural and functional impairment of the absorptive cells glucose absorption correlates closely with the decrease in mucosal surface when measured by segmental perfusion studies in man using the triple lumen tube technique.7
The clinical significance of mucosal transformation of the hyper-regenerative type is considerable, and there are many conditions in which it is seen, its most pronounced example being coeliac sprue in which most of the studies in man have been performed. Wright et all' have calculated from a stathmokinetic model that the cell production rate in the flat jejunum of coeliacs is increased up to 155 cells per crypt and hour, which is six times higher than normal while duration of mitosis remains constant and cell cycle time is reduced from 50 to 20 hours. These figures show the enormous proliferative potential of the mucosa and also the importance of its regulation.
Regulation of mucosal growth in relation to connective tissue Although the connective tissue has not attracted much attention in this respect there is increasing evidence that it is important for proliferation and differentiation of intestinal epithelial cells. Thus, electronmicroscopical analysis of the developing gut in the rat documents that the process of maturation of the epithelium starts after the development of close cell-cell contacts between surface and subepithelial cells of the mesenchyme. ' 47) . These factors therefore may be of importance in the interaction between lymphoid cells and other cell types in the mucosa. With respect to these observations we will first consider some characteristics of gut associated lymphocytes which may be of importance for their interaction with intestinal epithelial cells. Second, recent studies will be discussed which indicate that mucosal transformation is at least in part mediated by immune mechanisms.
CHARACTI ERISTIICS OF MUCOSAL LYMPHOCYTIES
T cells in the lamina propria, the effector compartment of the intestinal mucosa, have certain characteristics, which distinguish them from other lymphocyte populations in the body. 4 IMMUNIE ME,DIAIID MUCOSAI,
TIRANSFORMATION
Prototypes of experimental models, in which mucosal transformation is thought to be primarily mediated by immunological mechanisms, are small intestinal allograft rejection and graft-versus-host reaction (GvHR) of the small bowel."'4 The rejection of grafts of fetal intestine transplanted heterotopically under the kidney capsule of mice is characterised first by infiltration of the mucosa by lymphocytes and increased mitotic activity in the epithelial cells in the crypts, later by flattening of the villi and exfoliation of surface enterocytes, and finally by destruction of the mucosa.' Several experiments have shown that intestinal allograft rejection represents a local cell mediated immune reaction.5' By using a GvHR model in mice Ferguson and coworkers further investigated the hypothesis that mucosal transformation occurs by direct effect of T cells on the crypts rather than through damage of the villi. The results of these experiments showed that crypt length and crypt cell production rate increased parallel to the development of GvHR; villus length was not reduced, and the number of IEL increased significantly.`'' Additional investigations by this group`and by Elson and coworkers'" provided indirect evidence that the effects on the crypts in GvHR were caused by soluble T cell products rather than by direct T cell cytotoxicity.
The characteristic mucosal collagen deposition in chronic GvH disease of the intestine may also be mediated by T cell derived cytokines: supernatants from clones of T cells from mice with acute GvHR caused fibroblasts to proliferate in vitro, and supernatant of chronic GvH disease clones stimulated an increase in collagen production per fibroblast.7"" These experiments strengthen the hypothesis that T cell derived cytokines play a central role in the interaction between the different cellular components in mucosal transformation.
The mucosal transformation seen in allograft rejection and intestinal GvHR resembles hyperregenerative transformation. As discussed above mucosal transformation of the hyper-regenerative type is a hallmark of coeliac disease and the question if coeliac disease is caused by direct damage of the mucosal epithelium by gliadin or by immune mediated mechanisms is not yet clarified. Strong support for this hypothesis is provided by organ culture studies of intestinal biopsies from coeliac disease patients: biopsies from patients with active disease under a gliadin containing diet and biopsies from patients with 'inactive' disease -that is, normal appearing mucosa -under a gluten free diet were cultured in vitro with and without gliadin. A toxic effect of gliadin on mucosal morphology and brush border enzyme activity was only observed on biopsies of patients with active disease." These studies indicate that tissue of coeliac disease patients does not manifest gliadin induced tissue injury in vitro unless tissue is pre-exposed to gliadin in vi'ho. The activation of an endogeneous mechanism of toxicity thus has to be postulated before gliadin may exert its damaging effect. This endogeneous mechanism most likely consists of an immunological reaction. Coeliac disease therefore most likely is another example of immune mediated mucosal transformation of the hyper-regenerative type.
Of importance in this context is the finding that patients with coeliac disease may become refractory to a gluten free diet after developing an intestinal Iymphoma. Intestinal lymphomas in coeliac disease have recently been shown to be T cell lymphomas most likely arising from IEL.`' ' In addition, these lymphomas express certain activation antigens. The activated lymphoma T cells therefore may mediate the toxic effect on the intestinal epithelium by producing certain cytokins leading to a refractory sprue syndrome.
More direct evidence that activated mucosal T cells are able to induce mucosal transformation of the sprue type is given in a recent study by MacDonald and Spencer.`3 These authors used explants from human fetal intestine in organ culture. These intestinal explants were then cultured with certain substances (pokeweed mitogen and anti-CD3 monoclonal antibody) to activate mucosal T cells. Parallel to the appearance of activated T cells in the lamina propria (measured by the expression of interleukin-2 receptors) an increase in proliferating crypt epithelial cells and a reduction in villus height occurred. Addition of cyclosporin A, a potent inhibitor of T cell activation, abrogated the effects on mucosal transformation. These experiments show that activation of lamina propria T cells induces hyper-regenerative transformation of the small intestinal mucosa.
In the acquired immunodeficiency syndrome (AIDS) gastrointestinal manifestations are very frequent and clinical studies suggest the occurrence of small intestinal dysfunction.' As mentioned above, intestinal lamina propria T Enteroglucagon (EG) (gut glucagonlike immunoreactivity I; gut GLI-I) is a peptide of 69 amino acids which has been shown to be part of a larger pre-proglucagon molecule being produced by so-called L-cells located predominantly in the distal small intestine and colon.`8 It contains the entire sequence of pancreatic glucagon linked by two pairs of basic dipeptides, lysin-arginin, at its N-terminus to a glicentin-related pancreatic peptide of 30 amino acids (GRPP) and at its C-terminal end to a hexapeptide."78x The physiological role of gut GLI-I has not yet been fully elucidated. It has been suggested by circumstantial evidences that gut GLI-I may act as a trophic factor on the intestinal mucosa which may account for adaptive changes of the small intestine after various stimuli."'"" An enteroglucagon secreting tumour was associated with increased height of the villi and increased mucosal thickness which was reversed after tumour removal.`Subsequently, raised circulating concentrations of enteroglucagon have been reported in various clinical conditions and experimental animal models being associated with an increase in the intestinal epithelial cell turnover which all had in common that they were characterised by an increased food supply to the intestine.5 Especially the adaptive hyperplastic response of ileal remnants after proximal bowel resection are paralleled by an increase in plasma and tissue concentrations of enteroglucagon both showing a close relationship to the extent of the small intestine being resected. " 94 In order to gain additional insight into the putative role gut GLI-I of acting as an enterotrophic regulatory peptide we investigated two different experimental conditions which are known to induce intestinal hyperplasia not being associated with an increase in the nutritional load of the intestine: (a) germ free rats were conventionalised with a thermoduric flora and were held thereafter as open conventional animals. Four weeks after conventionalisation the ileal mucosa exhibited a significant increase of mitotic activity and crypt length accompanied by unchanged basal EG plasma concentrations and decreased tissue levels of EG in the contaminated group. (b) Jejunal self-filling blind loops were surgically created in germ free rats. Three weeks postoperatively there was a significant increase in mitotic activity, crypt length and villus surface area in the jejunal self-filling blind loops when compared to unoperated germ free control rats. Again the basal plasma EG concentrations remained unchanged (submitted for publication).
These two particular experiments show that there are situations in which intestinal hyperplasia does not correspond to an increase in the concentrations of EG in plasma or intestinal mucosa. This implies that in conditions which are not or only to a limited extent accompanied by an increase in luminal nutrition other factors than EG have to be responsible for the regulation of the hyperplastic adaptation of the small intestinal mucosa.
In a further experiment we investigated the effects of longterm in *iiio immunoneutralisation of endogenous circulating gut GLI-I by intravenous and continuous intraperitoneal administration of newly developed monoclonal antibodies to gut G LI-I on the hyperplastic ileal response of the ileal remnant after a 70% proximal small bowel resection.) A group of rats was given either antibody free plasmocytoma ascites or undiluted hybridoma ascites for 14 days after the operation. The hybridoma ascites was prepared from the clone 23.6B4 synthesising a monoclonal antibody directed toward the N-terminal to the central region of the glucagon molecule which represents the immunoreactant common to all gut GLIs and glucagon in different species such as man, rat, and pig." The three dimensional architecture and the proliferative activity of the ileal remnant were evaluated two weeks postoperatively. Despite a continuous immunoneutralisation of circulating endogenous gut GLI-I by monoclonal antibodies there was an adaptive response of the ileal remnants which was of the same magnitude as in the control group but was even greater considering the increased number of mitoses per crypt. These data did not support the hypothesis of gut GLI-I being a circulating enterotrophic regulatory peptide.
An in vitro model was used to investigate the effect of highly purified rat G-GLI I on the proliferative response of primary small intestinal epithelial cells of fetal rats (submitted for publication). Gut GLI was purified from rat small intestines by gel filtration, high capacity immunoaffinity chromatography using monoclonal antibodies and reverse phase HPLC."7 Fetal rat intestinal epithelial cells were dissected from the surrounding mesenchyma after collagenase treatment and seeded onto petri dishes previously coated with a complex basement membrane extract (submitted for publication). After the initial attachment phase, the proliferation rate was assessed planimetrically, correlating with the mitotic index, before and 48 h after the addition of highly purified G-GLI I in various concentrations as well as EGF. Whereas there was a well known growth promoting action of EGF the proliferation of rat fetal intestinal epithelial cells was inhibited by the addition of purified gut GLI-I.
These results indicate that gut GLI-I does not act as an enterotrophic factor but provide the first direct evidence consistent with an antitrophic role of gut GLI-I in the small intestine. They do not, however, rule out a paracrine enterotrophic action of gut GLI-I in iivio controlling cell proliferation by a synergistic interaction among gut GLI-I and other still unknown growth factors. Confirmation of our studies must await the isolation and purification of sufficient quantities of gut GLI-I for in vi'ho infusion experi- 
